In most free-living eukaryotes studied thus far, heme is synthesized from a series of intermediates through a well defined evolutionarily conserved pathway. We found that free-living worms, including the model genetic organism Caenorhabditis elegans, and parasitic helminths are unable to synthesize heme de novo, even though these animals contain hemoproteins that function in key biological processes. Radioisotope, fluorescence labeling, and heme analog studies suggest that C. elegans acquires heme from exogenous sources. Iron-deprived worms were unable to grow in the presence of adequate heme unless rescued by increasing heme levels in the growth medium. These data indicate that although worms use dietary heme for incorporation into hemoproteins, ingested heme is also used as an iron source when iron is limiting. Our results provide a biochemical basis for the dependence of worm growth and development on heme, and they suggest that pharmacologic targeting of heme transport pathways in worms could be an important control measure for helminthic infections.
In most free-living eukaryotes studied thus far, heme is synthesized from a series of intermediates through a well defined evolutionarily conserved pathway. We found that free-living worms, including the model genetic organism Caenorhabditis elegans, and parasitic helminths are unable to synthesize heme de novo, even though these animals contain hemoproteins that function in key biological processes. Radioisotope, fluorescence labeling, and heme analog studies suggest that C. elegans acquires heme from exogenous sources. Iron-deprived worms were unable to grow in the presence of adequate heme unless rescued by increasing heme levels in the growth medium. These data indicate that although worms use dietary heme for incorporation into hemoproteins, ingested heme is also used as an iron source when iron is limiting. Our results provide a biochemical basis for the dependence of worm growth and development on heme, and they suggest that pharmacologic targeting of heme transport pathways in worms could be an important control measure for helminthic infections.
Caenorhabditis elegans ͉ iron ͉ metals ͉ nematode ͉ prophyrin H elminthic infections are an enormous burden to public health and global agriculture. More than two billion people are affected by helminthiasis, including schistosomiasis, and plantparasitic nematodes cause an estimated annual crop loss of eighty billion dollars (1, 2) . There is an urgent need to find unique vulnerabilities in helminths because drug resistance by nematodes is already prevalent in livestock and other animals, and schistosomes resistant to praziquantel have been documented in places where this antihelminthic drug is copiously used (3, 4) . Within a parasitized host, helminths exhibit distinct nutritional adaptations such that they acquire their food unidirectionally from the host to sustain their growth and reproduction (5) . Thus, metabolic pathways essential for nutrient acquisition in worms could be exploited as potential drug targets to control helminthic infections.
Phylogenetic analysis of biosynthetic enzymes in the evolutionarily conserved multistep pathway for heme synthesis, ␦-aminolevulinic acid dehydratases (ALAD) and porphobilinogen deaminases (PBGD), has suggested that Caenorhabditis elegans lacks orthologs for these enzymes and therefore may acquire tetrapyrroles nutritionally (6) . Correspondingly, the trypanosomatid protozoa, Leishmania spp., appear to lack seven of the eight enzymes of the heme pathway with the exception being ferrochelatase (7) . This defect in tetrapyrrole synthesis is manifested as a nutritional requirement for heme or its immediate precursor protoporphyrin IX. Early studies demonstrated that C. elegans, Caenorhabditis briggsae, and Rhabditis maupasi require cytochrome c or hemoglobin as a heme source for growth and reproduction (8) (9) (10) . However, it is unclear why these nematodes require heme to grow and whether this nutritional necessity also exists in related helminths.
Hemes are critical cofactors for many biological processes, including oxidative metabolism (11) , xenobiotic detoxification (12) , the synthesis and sensing of diatomic gases (13) , cellular differentiation (14) , gene regulation at the level of transcription (15) , protein translation (16) and targeting (17) , and maintaining protein stability (18) . Within cells, protoheme (iron-protoporphyrin IX) is synthesized via well defined intermediates that are highly conserved through evolution. Depending on the organelle and cell type, heme pathway intermediates are used in the synthesis of other tetrapyrrole compounds, including bilins, chlorophylls, and corrins (19, 20) . The first universal precursor for the synthesis of heme is ␦-aminolevulinic acid. Heme synthesis culminates when ferrochelatase catalyzes insertion of ferrous iron into the protoporphyrin IX ring to form protoheme (21) . Protoheme is incorporated into numerous heme proteins or is modified further for the synthesis of other types of heme found in cytochrome c and terminal oxidases.
An analysis of worm genomes showed that worms lack orthologs to genes encoding enzymes for heme biosynthesis. Here we demonstrate that C. elegans, a free-living multicellular eukaryote, and medically relevant helminths are natural heme auxotrophs and suggest that C. elegans may serve as a model system for understanding the mechanisms of heme transport in eukaryotes.
Materials and Methods
Worm Culture and Growth Assays. Free-living worms were cultured in CeHR axenic liquid medium (Eric Clegg, personal communication; composition and preparation available on request). Worm growth (generation time 3.5 days), mobility, and development in CeHR medium were comparable to those of worms cultured on Escherichia coli in agar plates. We modified CeHR medium (henceforth called mCeHR medium) to eliminate all sources of exogenously added heme; basal growth medium comprised 20 M hemin chloride (Frontier Scientific, Logan, UT) and 150 M ferrous ammonium sulfate (Sigma). Worm strains were grown in mCeHR medium under aerobic conditions in tissue culture flasks at 20°C. We routinely obtained Ϸ3.7 ϫ 10 6 worms after 3.5-4 days in a T75 flask with 30 ml of basal medium from an initial inoculum of Ϸ1.5 ϫ 10 5 worms. For initial culturing of worms in axenic media, three generations of worms were sequentially bleached [1.1% Clorox bleach (sodium hypochlorite)͞0.55 M NaOH] to eliminate any contaminating bacterial carryover from agar plates. In all dose-response experiments, worms were growth synchronized by treating the gravid hermaphrodite worms with bleach to dissolve adult worms. The eggs, resistant to bleach, were liberated from the carcasses and extensively washed with M9 buffer followed by overnight hatching in M9 buffer to synchronize growth. By harvesting at appropriate time intervals, synchronous larval stages and adult staged worms were collected for experimental manipulations. Identical numbers of synchronized L1 larvae were inoculated into media with different heme concentrations in 12-or 24-well culture plates. Worm growth was monitored each day and an aliquot was obtained for counting by microscopy, usually at days 3, 6, and 9. The worms in each well were counted twice and each growth condition was analyzed in triplicate. P values for statistical significance were calculated by using a one-way ANOVA with Student-NewmanKeuls multiple comparison test by using INSTAT version 3.01 (GraphPad, San Diego). 3 . Radiolabeled adult worms were harvested by first incubating them in M9 buffer for 30 min to empty the gut contents. Worms were then extensively washed with large amounts of M9 buffer͞1 mM EDTA on a Gelman Metricel membrane (pore diameter 0.45 m) that had been incubated with 20 M hemin or FeCl 3 to prevent nonspecific absorption of the radiotracer signal to the filter membrane. The experiment was done in parallel in the presence of 1 mM sodium azide (NaN 3 ) to account for nonspecific binding of the radiolabel to the biological samples. We experimentally determined that this concentration of NaN 3 was not lethal to worms. To isolate heme, worms were washed with M9 buffer and resuspended in ice-cold 1 M HCl to a final pH of 2.0. The acidified solutions were incubated on ice for 30 min to allow complete protein denaturation, and then an equal volume of ice-cold 2-butanone was added (23) . The solutions were shaken and allowed to stand until the ketone (heme) and aqueous (worm debris) phases separated. The upper ketonic phase was removed and the heme was concentrated by rotary evaporation. The heme was resuspended in dimethylformamide, and equal volumes of samples and controls were spotted and resolved on silica gel 60 TLC plates. Plates were exposed to a PhosphorImager and the radiolabel signal corresponding to heme was excised and analyzed by using a ␥ counter. Counts (dpm) obtained were normalized for protein as determined by the bicinchoninic acid method (Sigma) performed on aliquot samples of intact worms. The specific activity of [ 59 Fe]heme added to the growth medium was 4.7 ϫ 10 4 dpm͞nmol, and the specific activity of [ 59 Fe]heme extracted from worms was 0.69 ϫ 10 4 dpm͞nmol. The most plausible explanation for this difference in specific activity of [ 59 Fe]heme is dilution of the supplied radiolabel heme with preexisting unlabeled heme endogenous to the worm.
Pulse-Chase Analysis. Mixed populations of worms grown in mCeHR medium with 4 M hemin were labeled for 16 h in the presence of either 40 M zinc mesoporphyrin (ZnMP) or hemin. We empirically determined that 40 M ZnMP labels the worms without affecting viability. Fluorescently labeled worms were washed with M9 buffer, dispensed into 12-well plates, and allowed to incorporate unlabeled hemin at concentrations of 40, 400, or 800 M. At timed intervals, aliquots of worms were removed into the appropriate medium containing 10 mM NaN 3 , mounted on a slide, and immediately analyzed with a 543 He͞Ne laser on a Zeiss 410 confocal microscope, or with a Peltier-cooled Retiga 1300 12-bit charge-coupled device camera fitted on to a Leica DMIRE2 epifluorescence͞differential interference contrast microscope. Images were further analyzed with SIMPLEPCI version 5.2 software (Compix, Cranberry Township, PA). Sensor gain and exposure times were kept constant during all image acquisition. No loss of fluorescence was observed when labeling experiments were performed in parallel in the presence of 1 mM NaN 3 during the chase period and when worms were incubated in medium without hemin. To account for background autofluorescence in C. elegans, the sensor gain of the charge-coupled device camera or the laser was set to subtract any fluorescence obtained from control worms incubated in the presence of 40 M hemin.
Other Methods. Other methods are described in Supporting Methods, which is published as supporting information on the PNAS web site.
Results
Analysis of publicly available worm genome databases revealed that these genomes lack obvious orthologs to heme biosynthesis pathway enzymes (6) . We queried genome databases by using sequences of the human enzymes that catalyze the seven sequential steps to synthesize heme from the first universal precursor, ␦-aminolevulinic acid. Expect (E) threshold values obtained from BLAST searches revealed nonsignificant hits only in the C. elegans database ( Table  2 , which is published as supporting information on the PNAS web site) as compared with genome databases from Saccharomyces cerevisiae, Drosophila melanogaster, and mouse, thus suggesting that C. elegans lacks orthologous genes for enzymes that catalyze heme synthesis (24, 25) . These in silico observations were confirmed by measuring enzyme activity. Because free-living worms in the laboratory use E. coli as food, bacterial metabolites could confound identification of the source of heme and enzyme activity. Therefore, we grew worms axenically in mCeHR liquid medium in lieu of growth on Petri plates containing E. coli (see Materials and Methods). We used three physiologically distinct but phylogenetically related free-living bacteriovorous strains, C. elegans, Panagrellus redivivus, and Oscheius myriophila (Fig. 4 , which is published as supporting information on the PNAS web site). Synchronized worms were grown aerobically at 20°C in mCeHR to the gravid adult stage and homogenized to obtain cytosol-and mitochondriaenriched fractions for analysis of heme biosynthesis enzymes. Under the assay conditions used, ␦-aminolevulinic acid dehydratase and porphobilinogen deaminase activities were undetectable in worm lysates as compared with wild-type E. coli lysates ( Table 1) .
The protozoan Leishmania and certain microorganisms such as Haemophilus influenzae contain only part of the heme biosynthetic pathway (7, 19) . Thus, it is possible that worms also have retained the ability to synthesize heme by using an intermediate of the heme pathway. To directly address this issue, we measured ferrochelatase activity, an inner mitochondrial membrane enzyme, which catalyzes the final step in the heme biosynthetic pathway. Because ferrochelatase from S. cerevisiae has been genetically and biochemically well characterized, we used yeast as a control source of this enzyme (21) . Ferrochelatase activity was readily detected in wild-type yeast but was undetectable in combined mitochondria-and cytosol-enriched fractions from all three worm species and a S. cerevisiae ferrochelatase mutant with genetic disruption at the HEM15 locus (Table  1) . Activity for succinate dehydrogenase, another inner mitochondrial membrane enzyme, was readily detectable in these fractions, indicating the presence of mitochondrial membranes. However, the inability to detect heme synthesis enzyme activities could be attributed to the presence of endogenous inhibitors in worm extracts. We found no inhibition of ␦-aminolevulinic acid dehydratase, porphobilinogen deaminase, or ferrochelatase enzyme activities when C. elegans extracts were mixed in equal proportions with extracts from either E. coli or S. cerevisiae (Table 3 , which is published as supporting information on the PNAS web site).
To address whether the lack of discernable heme enzyme activities also held for other worm species that are phylogenetically diverse, we examined five parasitic nematodes that have different host specificities (Strongyloides stercoralis, Ancylostoma caninum, Haemonchus contortus, Trichuris suis, and Ascaris suum), a nematomorph (Paragordius varius), and a trematode flatworm (Schistosoma mansoni) (Fig. 4) . Irrespective of their host affiliations, enzyme activities were undetectable in all helminthic extracts in our assay conditions (Table 1) . These measurements provide further support for the hypothesis that the helminths examined in this study do not have enzymes for heme synthesis.
C. elegans appears to have a large number of hemoprotein orthologs, including globin isoforms (26) , guanylate cyclases (27) , adenylate cyclases (28), catalases (29) , cytochrome P450s (30), and respiratory cytochromes (31) . Although hemes have been found in all phyla, certain microbial pathogens such as Borrelia burgdorferi and Treponema pallidum neither make heme nor contain hemoproteins (19, 32) . Reduced minus oxidized absorption spectra of pyridine hemochromes revealed that C. elegans has discernable hemoproteins in worm fractions enriched either for cytosol or for membranes, including mitochondrial membranes (Fig. 1A) . The purity of these fractions was determined by immunoblots probed with antisera for ␣-tubulin and ATP2, the ␤-subunit of the F 1 sector of the mitochondrial F 1 F o ATP synthase (33) . With ATP2 used as a marker, Ͻ1% of the signal was found in the cytosol-enriched fraction, whereas Ϸ88% of ATP2 protein was found in the membrane-enriched fraction. Ultralow-temperature spectra of total worm homogenates revealed the presence of detectable amounts of respiratory cytochromes a, b, and c (Fig. 1B) .
To quantitatively determine the heme requirement of worms, C. elegans was cultured in the presence or absence of nutritional heme supplements. Worms grown in the absence of exogenous heme (supplemented as hemin chloride) were growth arrested at the L4 stage, whereas worms grown in the presence of heme grew robustly and reproduced over multiple generations (Fig. 1C) . Similar hemedependent growth was also observed for P. redivivus and O. myriophila (data not shown). This lack of growth in the absence of heme was reversible, because replenishing heme to the hemedepleted media resulted in normal growth rates of the arrested larvae (data not shown). However, unlike Leishmania, which can exogenously acquire either hemin or its immediate precursor protoporphyrin IX for growth (7), C. elegans was unable to use protoporphyrin IX (supplied as free acid or disodium salt) as a substitute for hemin (Fig. 1C) . Cytochrome c or hemoglobin also sustained worm growth, supporting previous studies that have shown heme and vitamin B12, another tetrapyrrole, as necessary factors for C. briggsae development (8, 9, 34) . Our observations that worms can develop to the L4 stage in the absence of exogenous heme in the growth medium suggest that either there are trace amounts of heme in the medium or, more plausibly, maternal heme stored in the egg during embryogenesis is able to sustain early larval growth.
Worms responded in a biphasic manner to heme when grown in the presence of various amounts of hemin (Fig. 1D) . Although the optimal concentration of hemin for growth was 20 M, worms continued to grow and reproduce at concentrations ranging from 1.5 to 500 M hemin, albeit with significantly longer generation times and smaller brood size. Large amounts of hemin (Ն800 M) resulted in growth arrest at the L3 stage, possibly because hemes are cytotoxic because of peroxidase activity. To determine if C. elegans acquires heme directly from the growth medium, worms were metabolically labeled in the presence of equivalent amounts of 59 Fe or [
59 Fe]heme, and worm homogenates were analyzed for the respective radiotracer. A specific signal was obtained in samples containing worms labeled with [ 59 Fe]heme (Fig. 1E, lane 2) . Thus, worms use [ 59 Fe]heme directly from the growth medium to fulfill their heme auxotrophy and incorporate the tetrapyrrole into proteins. However, no radiolabeled signal was observed in heme extracted from worms when 59 Fe by itself was used (Fig. 1E, lane  4) . This observation corroborates our genomic and biochemical analysis (Tables 1 and 2 ) that C. elegans lack ferrochelatase, the terminal enzyme in heme biosynthesis. [ 59 Fe]Heme uptake was negligible in worms that were metabolically inhibited in the presence of NaN 3 , an inhibitor of the mitochondrial respiratory chain. Studies with bacterial mutants that use heme and hemoglobin as an iron source have shown that non-iron metalloporphyrins act as heme analogs and gain entry into cells via high-affinity heme transport systems (35) . After uptake, non-iron metalloporphyrins show various degrees of antibacterial activity, depending on their metal cofactor (35) . To determine whether a heme uptake system exists in C. elegans, synchronized worms were grown in the presence of 4 M hemin and various amounts of non-iron metalloporphyrins. We tested six different non-iron metalloporphyrins and found that gallium protoporphyrin IX (GaPP) was by far the most toxic heme analog. Compared with hemin, worms (P 0 ) were growth retarded in the presence of 1 M GaPP (800-fold sensitivity) ( Fig. 2A) , whereas F 1 progeny, obtained from surviving P 0 worms grown at lower concentrations of GaPP, were growth arrested at 0.25 M GaPP (3,200-fold sensitivity). The ionic radii of Ga and Fe are very similar (0.62 versus 0.64 Å). Because Ga cannot undergo oxidationreduction reactions like Fe, organisms that have heme uptake systems probably use and incorporate GaPP as a cofactor instead of heme, resulting in cytotoxicity (35) . Neither gallium chloride nor gallium nitrate was able to mimic the toxicity of GaPP (even at concentrations Ͼ100-fold), suggesting that the antihelminthic activity of GaPP was not due to the adventitious release of Ga from GaPP ( Fig. 2A) . Notably, exposure of worms to GaPP resulted in developmental abnormalities that correlated in their severity to the levels of GaPP in the growth medium (Fig. 5 , which is published as supporting information on the PNAS web site). These morphological phenotypes may reflect incremental inhibition of cellular pathways that are dependent on hemoproteins. Indeed, the toxic effect of GaPP was attenuated in the presence of increasing levels of hemin, indicating that GaPP likely exerts its antihelminthic effect via heme-dependent pathways (Fig. 2B) .
To further elucidate heme uptake at the cellular level, we used metabolic labeling in live worms with ZnMP. This fluorescent heme analog is not a substrate for heme catabolic enzymes such as heme oxygenases (HOs), and thus a fluorescent signal can be amplified over time as ZnMP accumulates in cells (36, 37) . Live worm imaging revealed a time-dependent accumulation of ZnMP in worms; fluorescence was detected in worm intestinal cells within 10 min of treatment with 40 M ZnMP. Confocal microscopy showed ZnMP accumulation in multiple cell types in the adult worm, including the intestinal cells, eggs, and dividing embryos (Fig. 2C) . We found discernable fluorescence signal in embryos within 130 min of incubation with ZnMP. This time point is likely an overestimate because ZnMP fluorescence is weak and is detectable only after substantial signal has accumulated over time. To correlate the specificity of ZnMP fluorescence with heme transport, worms were first fluorescently labeled by feeding them 40 M ZnMP. They were then washed to remove ZnMP and incubated with 40 M hemin. The fluorescence intensity diminished over time and was undetectable by 16 h (Fig. 2D ). This loss in fluorescence was specific, because the signal did not diminish when worms were treated in parallel with a nonlethal dose of sodium azide. . Equal numbers of synchronized L1 larvae were grown in 24-well plates in mCeHR medium for 9 days and quantified (worms per l) by microscopy. Each data point represents the mean Ϯ SD from three separate experiments performed in triplicate. (E) Metabolic labeling in C. elegans cultured in the presence of heme. Synchronized L1 larvae were grown in mCeHR medium containing either 59 FeCl3 or [ 59 Fe]heme (9.4 ϫ 10 6 dpm), and the worms were harvested as gravid adults. Heme was extracted and concentrated, and then resolved by TLC followed by detection with a PhosphorImager (Upper). Lane 5, [ 59 Fe]heme control. Radiolabeled bands were quantified in a ␥ counter and cpm was normalized to total protein (Lower). To correct for nonspecific binding of the radiolabeled Fe and heme, parallel experiments were conducted in the presence of 1 mM sodium azide (samples 1 and 3).
Bacteria and C. albicans that have high-affinity heme uptake systems use heme as an iron source when iron is limiting during infection within the host milieu (38, 39) . HO degrades heme to release iron, biliverdin. and carbon monoxide; in some organisms, including mammals and cyanobacteria, biliverdin is subsequently converted to bilirubin by biliverdin reductase (40) . Because the metabolism of heme and iron is interlinked, we determined how they are interrelated in worms. We grew C. elegans in either iron-deplete or -replete medium supplemented with low (4 M), optimal (20 M), or high hemin (100 M). Worm growth was significantly slow in medium with 4 M hemin but lacking exogenous iron (Fig. 3, sets 1 and 2 ). This diminution in growth was further accentuated in the presence of ferrozine, a membraneimpermeant iron chelator (Fig. 3, set 3) . Conversely, iron supplementation reversed the effect of ferrozine on worm growth (Fig. 3 , set 3 versus set 4), indicating that worms need both heme and iron to sustain growth and reproduction under nutrient-sufficient conditions. Importantly, 20 and 100 M hemin significantly (P Ͻ 0.001) attenuated the growth-retarding effects of iron deprivation even in the presence of ferrozine (Fig. 3, set 3 ). In the absence of iron, hemin concentrations Ͼ100 M in the growth medium did not result in any additional worm growth, plausibly because heme toxicity could mask the beneficial effects of heme as an iron source. This growth-promoting effect of hemin in the absence of iron was not due to trace amounts of free iron from hemin, because analysis of iron-dependent growth indicated that the amount of free iron in hemin (3.8 nM͞M) is insufficient to support worm growth (data not shown).
Discussion
We have shown, using C. elegans as a model system, that worms are exceptional among known free-living eukaryotes because they lack the ability to synthesize heme. This conclusion is supported by genomic, biochemical, and nutritional analysis (Tables 1 and 2 and Fig. 1 C-E) and by previous studies which show that heme is a growth factor for C. elegans development (8, 9) . This inability to make heme is surprising, given that other free-living metazoans make endogenous heme, and heme synthesis is catalyzed by enzymes encoded by at least seven separate genes that are not clustered in the genome. It is plausible that the ancestral worm lost the genes responsible for heme biosynthesis due to a lack of selective pressure because the progenitor had access to heme either from a parasitized host or from a symbiotic relationship with another organism. Recent studies have shown that the cattle tick Boophilus microplus, a bloodsucking arthropod, relies on blood meals to acquire heme (41) , and pathogenic human filarial nematodes as well as certain insects harbor the bacteria Wolbachia, an intracellular symbiont that has a mutualistic relationship with its host such that the nematode acquires endobacterial-derived metabolites (42, 43) . Indeed, the Wolbachia genome contains orthologs of genes for heme biosynthetic enzymes, suggesting that this endosymbiont has the ability to make heme.
The phylogenetic maximum parsimony tree (Fig. 4) shows that the loss of the heme pathway is common rather than exceptional among free-living and parasitic nematodes, and it can be found in higher taxa such as the Nematomorpha and Platyhelminthes, both of which have the potential for free-living and parasitic habits. Although the closest outgroup to nematodes is still controversial, if one accepts the Ecdysozoa theory, in which arthropods are a sister group to nematodes (44) , the loss of the heme synthesis pathway would have occurred more frequently than with a more traditional grouping of helminths (45) . A loss in the heme pathway would be consistent with a close phylogenetic relationship among helminths. Additional taxon sampling along with genomic and biochemical analyses may help clarify the disputed phylogenetic placement of helminths in the animal kingdom (46, 47) . Evaluation of the complexity and phylogenetic importance of different molecular phylogenies versus the loss of the heme synthesis pathway cannot be made here. However, it is interesting to note that some other biochemical pathways also show distinct differences between classically simpler invertebrates (flatworms and nematodes) and higher invertebrates (arthropods and molluscs). These include an increased variety of different neuropeptides in higher invertebrates compared with lower (48) and the absence of a Toll-like pathway for immunity in nematodes that is present in insects (49, 50) .
Our studies provide preliminary evidence that adaptation to heme auxotrophy in worms has enabled worms to use heme in its entirety as a prosthetic group under normal conditions and as an iron source when iron is low in the environment. We have been unable to identify any significant orthologs of HOs in the worm genome, although we found two putative orthologs of biliverdin reductase in the C. elegans and C. briggsae genomes. Because HOs from bacteria to humans are a diverse group of heme-catabolizing enzymes, it is possible that heme degradation in C. elegans is either catalyzed by a HO with low sequence homology to known HOs or by an entirely novel enzyme. Enzyme activities for HO and biliverdin reductase in homogenates from the trematode Schistosoma japonicum have been reported, thus raising the possibility that C. elegans may also have the ability to enzymatically degrade heme to obtain iron (51, 52) .
Because worms lack the ability to make heme and therefore rely solely on exogenous heme for metabolic processes, these animals must have evolved specific mechanisms for intestinal heme absorption, trafficking, and sequestration. Perhaps, exceptional to worms, an intercellular heme transport system may be required to provide heme to other cell types beyond intestinal cells. Free heme is hydrophobic and is insoluble in the aqueous cellular milieu, and hemes have peroxidase activity that can damage biological macromolecules (53) . Thus, in principle, intracellular pathways must exist for heme trafficking in eukaryotes. C. elegans may therefore serve as a unique animal model of an obligate heme auxotroph to genetically and cell-biologically delineate the pathways for heme homeostasis that have heretofore been elusive. Identification of molecules involved in heme homeostasis should permit selective drug-targeting of helminthic heme transport and heme-dependent cellular pathways that discriminate the parasite from its host and significantly reduce chronic morbidity and debilitation in affected individuals.
